The sprinkler irrigation method is widely applied in tea farms in the Yangtze River region, China, which is the most famous tea production area. Knowledge of the optimal irrigation time for the sprinkler irrigation system is vital for making the soil moisture range consistent with the root boundary to attain higher yield and water use efficiency. In this study, we investigated the characteristics of soil water infiltration and redistribution under the irrigation water applications rates of 4 mm/h, 6 mm/h, and 8 mm/h, and the slope gradients of 0 • , 5 • , and 15 • . A new soil water infiltration model was established based on water application rate and slope gradient. Infiltration experimental results showed that soil water infiltration rate increased with the application rate when the slope gradient remained constant. Meanwhile, it decreased with the increase in slope gradient at a constant water application rate. In the process of water redistribution, the increment of volumetric water content (VWC) increased at a depth of 10 cm as the water application rate increased, which affected the ultimate infiltration depth. When the slope gradient was constant, a lower water application rate extended the irrigation time, but increased the ultimate infiltration depth. At a constant water application rate, the infiltration depth increased with the increase in slope gradient. As the results showed in the infiltration model validation experiments, the infiltration depths measured were 38.8 cm and 41.1 cm. The relative errors between measured infiltration depth and expected value were 3.1% and 2.7%, respectively, which met the requirement of the soil moisture range consistent with the root boundary. Therefore, this model could be used to determine the optimal irrigation time for developing a sprinkler irrigation control strategy for tea fields in the Yangtze River region.
Introduction
Tea (Camellia sinensis) is a subtropical plant, which grows well in a warm and wet climate under an optimal growth temperature around 20 • C with annual rainfall of 1500 mm. The Yangtze River region is the most famous tea production area. Climate abnormality in recent decades caused an uneven spatial distribution of rainfall in this area. Inadequate rainfall cannot provide enough water for tea growth, which seriously affects both the yield and quality of the tea plants [1, 2] . Under water stress, the photosynthetic and respiration rates of tea leaves decrease [3] , as well as their chlorophyll content, the water content of shoots, the root activity, and the root weight per unit volume [4] . Meanwhile, quality components such as amino acids, caffeine, and water extracts are also reduced, resulting in the deterioration of the tea quality [5] [6] [7] [8] .
The sprinkler irrigation method is widely applied to save water and counter drought with great improvement with regard to water use efficiency, irrigation uniformity, labor saving, and crop yields [9] . The traditional control strategy for sprinkler irrigation is usually based on the upper limit and lower limit of soil moisture required for the growth of certain plants [10] [11] [12] . This kind of control strategy partly provides the required water for tea plant growth and saves some applied water compared to manual irrigation. However, it leads to the ultimate infiltration depth exceeding the boundary of the tea plant root system, resulting in a waste of water resources. Thus, it is necessary to improve the water use efficiency (WUE) of sprinkler irrigation systems, especially for tea fields in the Yangtze River region.
Infiltration is the process of water entering the soil. The main goal of operating an irrigation system is to apply the required infiltration depth for specific plants with high WUE [3, 7, 9, 13, 14] . Normally, infiltration rate is determined by measuring, modeling, and predicting the surface runoff [15] [16] [17] . To avoid low-WUE problems, it is necessary to have a good understanding of soil infiltration characteristics. Infiltration rate variation results from many causes such as soil property, water application rate, and terrain [18] [19] [20] . Infiltration theories and models were developed by several researchers, including the Green-Ampt model, Kostiakov model, modified Kostiakov model, and Smith and Parlange model [21] [22] [23] . The suitability of an infiltration model for a particular region is subject to soil type and field conditions. Different infiltration models were applied to certain soil types and certain site conditions [24] . Over the years, several comparative analyses of various infiltration models were conducted to assess the suitability of various models for different soil types under varying field conditions to estimate the infiltration rates and infiltration potentials of soil [25] . Feng, Deng, Zhang, and Guo [26] pointed out that the cumulative infiltration depth firstly decreased then increased with the increase in slope gradient, and the turning point was the threshold of the slope gradient. Recent researches focused on the effects of slope gradient and water application rate on soil water infiltration and redistribution without any plants; however, they failed to reveal the situation with plants [27, 28] . To some extent, the morphological, quantitative, depth, type, and distribution characteristics of plant roots affect soil water moisture and its redistribution [29] [30] [31] [32] . The infiltration characteristics of soil change with the root length density and root surface area density [33, 34] . With the increase in root volume and dry weight of root, the infiltration rate shows an increasing trend [35] . Soil moisture content is lower in soil layers with denser root density, while water content in soil layers without roots is significantly increased [36] . If the moisture content range is not consistent with the root range of the tea plant, it will result in inefficient irrigation or overirrigation. Therefore, an optimal irrigation time and infiltration depth are vital for tea plants in the context of a water-saving irrigation control strategy.
Tea farms in the middle and lower Yangtze River regions are located in a hilly area, with a slope gradient generally less than 15 • [27] . Based on the topographic features of tea farms, the specific goals of this study were to (1) investigate the effects of slope gradient and water application rate on soil water infiltration and redistribution, and (2) provide a new infiltration model for determining the optimal stopping time for a tea plantation sprinkler irrigation control system. The model is based on tea root length, water application rate, and slope gradient, and results in the infiltration depth being consistent with tea plant's root system, which validates the precision control for tea plant irrigation.
Materials and Methods

Materials
This study was conducted at a tea farm located in the middle-lower Yangtze River region, east China, which has a moderate sub-tropical climate with a mean annual precipitation of 1029.1 mm and an average annual temperature of 15.5 • C. The annual reference evapotranspiration (ET 0 ) was 892.24 mm, which was observed over the last 55 years (1961-2015) [37] . The topography of the Agriculture 2019, 9, 206 3 of 11 experimental site is a hilly ground with an average altitude of 18.5 m (latitude 32 • 01 35" north (N), longitude 119 • 40 21" east (E)).
As shown in Figure 1 , the box frame sprinkler irrigation system was composed of a box frame, pump station, main pipe, distribution pipe, lateral pipe, standpipe, and sprinkler. The distance between two sprinklers was 9.0 m. In order to reduce the pressure difference between sprinklers and improve the uniformity of spraying water, lateral pipes with a length of 4.5 m were laid along the slope. Four sprinklers were set up around the box frame with an effective radius of 7.0 m. The box frame was 4.5 m in length, 0.8 m in width, and 0.8 m in depth, and the adjustable range of the gradient is 0-15 • . To ensure the box frame was well drained, drain holes (diameter 1.0 cm) were set up at the bottom of the box. The exterior of the box was made of an acrylic plate (80.0 cm × 0.5 cm, transparency 99.0%) to facilitate the measurement of infiltration depth. The sampled tea cultivar was Anji white tea, which was five years old. Six tea plants were planted in the frame box with distances of 0.35, 1.05, 1.75, 2.75, 3.45, and 4.15 m ( Figure 2 ). Three kinds of plastic impact-driven sprinklers were selected. Technical parameters of the sprinklers are listed in Table 1 . Three kinds of water application rates were set up using the different types of sprinklers with flow rates of 0.4, 0.6, and 0.8 m 3 ·h −1 . A plastic shade was set up above the experiment area on rainy days to avoid the influence of rainfall.
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Sensor Layout
The soil in the experimental box frame was taken from the sprinkler irrigation area in the experimental tea farm. The sampling depths were 0-10. 
The soil in the experimental box frame was taken from the sprinkler irrigation area in the experimental tea farm. The sampling depths were 0-10. Infiltration depth and VWC were measured in this experiment. All soil moisture sensors were calibrated using the oven dry method before set-up. The time interval of data acquisition was 1.0 min.
Soil type in the experimental site was homogeneous sandy loam. The location of the color gradient of the soil was marked, and the depth of position was measured as the infiltration depth. The water infiltration process started with the irrigation and stopped when the irrigation stopped, and then the water continued to infiltrate. When the VWC of each layer no longer increased and showed a decreasing trend, the process of water redistribution stopped. Infiltration depth and VWC were measured in this experiment. All soil moisture sensors were calibrated using the oven dry method before set-up. The time interval of data acquisition was 1.0 min.
Characteristics of Soil Water Infiltration
Soil type in the experimental site was homogeneous sandy loam. The location of the color gradient of the soil was marked, and the depth of position was measured as the infiltration depth. The water infiltration process started with the irrigation and stopped when the irrigation stopped, and then the water continued to infiltrate. When the VWC of each layer no longer increased and showed a decreasing trend, the process of water redistribution stopped.
Characteristics of the soil water infiltration experiments were determined in the frame box from 1-26 August 2016 (Table 3) . Nine treatments were selected with three typical kinds of slope gradients Agriculture 2019, 9, 206 5 of 11 and water application rates. The irrigation was stopped when the infiltration depth was 20.0 cm due to the average length of the tea plant roots. SPSS 17.0 was used to conduct the multivariate regression analysis of the relationship between slope gradient, water application rate, and the ratio of stopping irrigation depth to infiltration depth. The statistical tools root-mean-squared error (RMSE) and coefficient of determination (R 2 ) were employed to validate the accuracy of the models built in this study. The calculations are presented below. 
Infiltration Model Validation Experiments
The soil water infiltration model was established based on tea root depth, water application rate, and slope gradient. The reliability of the model was evaluated in the box frame experiments based on two cases which represented the most common terrains of tea farms in the Yangtze River region: (1) gradient 0 • and 8.0 mm·h −1 for water application rate; (2) gradient 8 • and 4.0 mm·h −1 for water application rate. The required irrigation time and expected infiltration depth were calculated. The VWC at depths of 10.0 cm, 20.0 cm, 30.0 cm, and 40.0 cm was measured. The ultimate infiltration depth was compared with the expected value to obtain the relative error between the measured and expected value.
Results and Discussion
VWC at Different Slope Gradients and Water Application Rates
As the sprinkler irrigation stopped, under the action of gravity potential and matric potential, water redistribution began. After 24 h, the VWC no longer increased and showed a downward trend, signifying that the process of water redistribution stopped (Figure 4) .
Compared with the VWC before irrigation, VWC at 20.0 cm increased at the time of stopping irrigation, and the increment of VWC at 10 cm under different treatments was different. When the slope gradient was 0 • , the increments of VWC at 10.0 cm were 11.1%, 10.0%, and 4.5%, respectively. When the slope was 5 • , the increments were 6.1%, 9.1%, and 8.0%, respectively. When the slope was 15 • , the increments were 9.0%, 5.9%, and 4.0%, respectively (Figure 4b ).
Twelve hours after irrigation, soil water at the soil layer depth of 0-20.0 cm started to redistribute (Figure 4c ). Compared with VWC at the time of stopping irrigation, VWC at 10.0 cm decreased by 1.1% for the T2 treatment. For the other eight treatments, the VWC at 10.0 cm increased by 2.3%, 5.0%, 9.7%, 4.1%, 4.3%, 1.3%, 4.3%, and 6.5%, respectively. VWC at 20.0 cm increased for all nine treatments, whereas VWC at 30 cm, 40 cm, and 50 cm showed no change. Infiltration depth showed an increasing trend under the processing of water redistribution (Figure 4d ). Compared with VWC at 12 h after the irrigation, VWC at 10.0 cm showed decreasing trends for all nine treatments, while VWC at 20.0 cm continued increasing. This was probably because the amount of water drawn from the upper soil at 10.0 cm was less than the water absorbed by the lower soil layer, which resulted in a continuous decrease in VWC at 10.0 cm and a sustained increase in VWC below 20.0 cm. Compared with the VWC before irrigation, VWC at 20.0 cm increased at the time of stopping irrigation, and the increment of VWC at 10 cm under different treatments was different. When the slope gradient was 0°, the increments of VWC at 10.0 cm were 11.1%, 10.0%, and 4.5%, respectively. When the slope was 5°, the increments were 6.1%, 9.1%, and 8.0%, respectively. When the slope was 15°, the increments were 9.0%, 5.9%, and 4.0%, respectively (Figure 4b ).
Twelve hours after irrigation, soil water at the soil layer depth of 0-20.0 cm started to redistribute (Figure 4c ). Compared with VWC at the time of stopping irrigation, VWC at 10.0 cm decreased by 1.1% for the T2 treatment. For the other eight treatments, the VWC at 10.0 cm increased by 2.3%, 5.0%, 9.7%, 4.1%, 4.3%, 1.3%, 4.3%, and 6.5%, respectively. VWC at 20.0 cm increased for all nine treatments, whereas VWC at 30 cm, 40 cm, and 50 cm showed no change. Infiltration depth showed an increasing trend under the processing of water redistribution (Figure 4d ). Compared with VWC at 12 h after the irrigation, VWC at 10.0 cm showed decreasing trends for all nine treatments, while VWC at 20.0 cm continued increasing. This was probably because the amount of water drawn from the upper soil at 10.0 cm was less than the water absorbed by the lower soil layer, which resulted in a continuous decrease in VWC at 10.0 cm and a sustained increase in VWC below 20.0 cm. 
Effect of Water Application Rate and Slope Gradient on the Infiltration Depth and Rate
When the water application rate was constant, the infiltration depth increased as the slope gradient increased ( Figure 5 ). This is because the pressure of the water perpendicular to the direction of the slope decreased, which increased the infiltration depth (Table 4) . When the water application rate was constant, the infiltration depth increased as the slope gradient increased ( Figure 5 ). This is because the pressure of the water perpendicular to the direction of the slope decreased, which increased the infiltration depth (Table 4 ).
Through the multivariate regression analysis, it could be concluded that the relationship between slope gradient, water application rate, and the ratio of stopping irrigation depth to infiltration depth was as follows:
where Y1 is the ratio of stopping irrigation depth to infiltration depth (mm), X1 is the slope gradient (°), and X2 is the water application rate (mm·h −1 ). The R 2 was 0.83 and the RMSE was 0.02 mm.
Using multivariate regression analysis, the linear regression equations for infiltration rate, slope gradient, and water application rate were obtained. The R 2 was 0.92 and the RMSE was 0.02 mm·h −1 . The linear regression equations were as follows: 
where Y2 is the infiltration rate (mm·min −1 ), L1 is the required infiltration depth (cm), L is the root depth of the tested tea plant (cm), and T is the required sprinkler irrigation time (min). Through the multivariate regression analysis, it could be concluded that the relationship between slope gradient, water application rate, and the ratio of stopping irrigation depth to infiltration depth was as follows:
where Y 1 is the ratio of stopping irrigation depth to infiltration depth (mm), X 1 is the slope gradient ( • ), and X 2 is the water application rate (mm·h −1 ). The R 2 was 0.83 and the RMSE was 0.02 mm.
Using multivariate regression analysis, the linear regression equations for infiltration rate, slope gradient, and water application rate were obtained. The R 2 was 0.92 and the RMSE was 0.02 mm·h −1 . The linear regression equations were as follows:
where Y 2 is the infiltration rate (mm·min −1 ), L 1 is the required infiltration depth (cm), L is the root depth of the tested tea plant (cm), and T is the required sprinkler irrigation time (min).
The Reliability of Infiltration Model Testing
The average root length of the tested tea plants was 40.0 cm. When the slope gradient was 0 • and the water application rate was 8.0 mm·h −1 , the required irrigation time was 144 min. The expected stopping irrigation depth and observed infiltration depth were 23.7 cm and 40.0 cm, respectively.
Before irrigation, the VWC of each layer was 11.4%, 18.1%, 22.1%, 28.9%, and 26.7%, respectively ( Figure 6 ). After 63 min of irrigation, the VWC at 10 cm was 11.6%; then, it increased gradually. Additionally, 125 min after irrigation, the VWC for the 10-cm and 20-cm soil layers was 15.8%, 18.1%, respectively, after which it increased gradually. The system stopped after 144 min of irrigation. At this time, the VWC of each soil layer was 19.2%, 18.3%, 22.0%, 28.9%, and 26.6%, and the infiltration depth was 23.2 cm. Then, 24 h after irrigation, the water infiltration stopped. The VWC of each layer was 20.8%, 19.0%, 23.2%, 29.1%, and 26.7%, and the infiltration depth measured was 38.75 cm. Compared with the required irrigation time and infiltration depth, the measured infiltration depth was 23.2 cm, giving an error between the measured and required value of 2.0%. The measured ultimate infiltration depth was 38.8 cm, giving an error between the measured and expected value of 3.1%.
When the slope gradient was 8 • and the water application rate was 4.0 mm·h −1 , the required irrigation time was 141 mins, and the expected infiltration depth and observed infiltration depth were 18.6 cm and 40.0 cm respectively. Before irrigation, the VWC of each layer was 15.0%, 19.1%, 23.1%, 28.5%, and 26.1%, respectively (Figure 7) . After 141 min of irrigation, the sprinkler system stopped. The VWC of each layer was 21.5%, 19.2%, 23.1%, 28.5%, and 26.2%, respectively, and the infiltration depth was 18.7 cm. Then, 24 h after irrigation, the water infiltration stopped. The VWC of each layer was 20.0%, 21.1%, 24.7%, 28.7%, and 26.2%, and the ultimate infiltration depth measured was 41.1 cm. The measured infiltration depth was 18.9 cm, and the relative error between the measured and expected value was 1.4%. The measured ultimate infiltration depth was 41.1 cm, and the relative error between the measured and expected value was 2.7%. ultimate infiltration depth was 38.8 cm, giving an error between the measured and expected value of 3.1%.
When the slope gradient was 8° and the water application rate was 4.0 mm·h −1 , the required irrigation time was 141 mins, and the expected infiltration depth and observed infiltration depth were 18.6 cm and 40.0 cm respectively. Before irrigation, the VWC of each layer was 15.0%, 19.1%, 23.1%, 28.5%, and 26.1%, respectively (Figure 7) . After 141 min of irrigation, the sprinkler system stopped. The VWC of each layer was 21.5%, 19.2%, 23.1%, 28.5%, and 26.2%, respectively, and the infiltration depth was 18.7 cm. Then, 24 h after irrigation, the water infiltration stopped. The VWC of each layer was 20.0%, 21.1%, 24.7%, 28.7%, and 26.2%, and the ultimate infiltration depth measured was 41.1 cm. The measured infiltration depth was 18.9 cm, and the relative error between the measured and expected value was 1.4%. The measured ultimate infiltration depth was 41.1 cm, and the relative error between the measured and expected value was 2.7%. 
Discussion
With the increase in slope gradient, the required water application rate decreased (Figure 4 ). When the water application rate was close to the required water application rate, the soil pores were gradually filled with water. This reduced the infiltration capacity and led to a decrease in the increment of VWC.
For a constant water application rate, the infiltration rate decreased as the slope gradient increased. This is because a larger water application rate caused a larger kinetic energy of the sprayed water droplets [39] . Therefore, as the infiltration rate and water application rate increased, the water pressure of the soil surface and soil layers all increased over time. As the kinetic energy of water droplets increased, more pressure was applied on the infiltration water, which resulted in an acceleration of the infiltration rate. The infiltration rate also showed a decreasing trend with the increase in water application rate. The reason was that the component force of the same thickness of the aquifer along the slope direction increased with an increase in slope, and the pressure perpendicular to the slope direction was reduced. Therefore, the pressure of infiltration water reduced, as did the infiltration rate [20, [40] [41] [42] .
At a constant slope gradient, the larger water application rate led to a lower infiltration depth. This was caused by the water application rate being lower than its own infiltration capacity, resulting in the water continuing to infiltrate over time [41] . With the increase in water application rate, the kinetic energy of the water droplets sprayed from the nozzle increased correspondingly, resulting in a reduction in infiltration capacity. A lower water application rate extended the irrigation time, but 
At a constant slope gradient, the larger water application rate led to a lower infiltration depth. This was caused by the water application rate being lower than its own infiltration capacity, resulting in the water continuing to infiltrate over time [41] . With the increase in water application rate, the kinetic energy of the water droplets sprayed from the nozzle increased correspondingly, resulting in a reduction in infiltration capacity. A lower water application rate extended the irrigation time, but it was conducive to the vertical movement of water, which deepened the infiltration depth.
As we all know, the infiltration characteristic has a strong relationship with the kinetic energy of water drops and the change in physical properties of the soil surface, such as soil type, vegetation type, and terrain [43] [44] [45] . We know our research is limited; however, the results were obvious in the two selected experiments, where the ultimate infiltration was consistent with the boundary of the tea plant root system. Based on the characteristics of irrigation water infiltration and redistribution, the new infiltration model can be used to determine the required irrigation time for developing a sprinkler irrigation control strategy.
Conclusions
The sprinkler irrigation method is widely used for tea plants in the Yangtze River region. The traditional control strategy for sprinkler irrigation is based on the upper limit and lower limit of the required soil moisture. However, this strategy always causes the ultimate infiltration depth to exceed the boundary of the tea plant root system, leading to a waste of water. In this study, a new soil water infiltration model was provided by investigating the characteristics of soil water infiltration and redistribution under different water application rates and gradient slopes.
The infiltration characteristics showed that the infiltration rate changed with the water application rate and slope gradient. Water redistribution processes showed that the increment of VWC at 10.0 cm was different for various combinations of water application rate and slope gradient. Those differences affected the ultimate infiltration depth of the soil. When the slope gradient was kept constant, a lower water application rate led to a longer irrigation time, but it increased the ultimate infiltration depth. When the water application rate was kept constant, the infiltration depth increased with the increase in slope gradient. Based on the new soil water infiltration model, the ultimate infiltration depth was basically consistent with the boundary of the tea plant roots. Therefore, the model established in this paper can be generally applied to automatic sprinkler irrigation systems for tea fields in the Yangtze River region.
